Abstract Brain injury is the leading cause of death in our pediatric ICU [Au et al. Crit Care Med 36:A128, 2008].
Mild (32-34°C) hypothermia is being investigated as a neuroprotectant in critically ill children with acute brain injury and used therapeutically in our multidisciplinary pediatric intensive care unit (PICU). Brain injury is the leading cause of death in our pediatric ICU [1] . Selected children post-cardiac arrest, traumatic brain injury (TBI), stroke and central nervous system infection undergo temperature management for neuroprotection, intracranial pressure management, or to manage fever (>38°C) [2] [3] [4] [5] .
Two randomized controlled trials (RCTs) involving hypothermia and brain injury originating at the Children's Hospital of Pittsburgh are enrolling subjects in our PICU. Cool Kids is a multicenter trial comparing hypothermia versus normothermia for children after TBI, and the primary outcome is mortality [NCT00222742] . The second is a single center pilot study comparing serum and imaging biomarkers of brain injury in children surviving cardiac arrest after randomization to 24 or 72 h of hypothermia [NCT00797680] .
Despite considerable involvement in the development of hypothermia as a therapy and years of experience applying it in clinical care, we have found that the application of hypothermia requires an unremitting commitment from a knowledgeable medical team to prevent adverse events and maximize beneficial effects. We will discuss our experience using hypothermia in the two conditions where it is most frequently used in our PICU-cardiac arrest and TBI, emphasizing proactive strategies to maximize benefits and prevent the potential hazards of its application.
Cardiac Arrest
Stimulated by the landmark RCTs in 2002 demonstrating improved neurological outcome using mild hypothermia in adults with ventricular-arrhythmia-induced cardiac arrest, we began cooling children who were comatose (Glasgow coma scale (GCS) score B 8) after resuscitation [6, 7] . Our population is clearly different-the etiology of cardiac arrest in 90% of children is asphyxia versus *60% ventricular-arrhythmia in adults [8, 9] . Adults included in the RCTs were witnessed arrests, and experience a different pathobiology-one that does not feature profound hypoxemia and hypotension before the arrest. The asphyxial pattern portends a more severe neuropathology versus ventricular-arrhythmia as shown in laboratory studies [10] . In addition, in the PICU, cardiac arrest occurs in the context of a developing brain. Children have poor hospital survival rates of 8-24% (out-of-hospital vs. in-hospital cardiac arrest, respectively) and no brain-directed therapies are generally applied after cardiac arrest and resuscitation [11] [12] [13] [14] .
The successful application of hypothermia in neonates with birth asphyxia was encouraging but produced new questions [15] . There were now RCTs showing that 12, 24, and 72 h of mild hypothermia were effective after cardiac arrest in adults or asphyxia in term newborns, but none addressed the question, (1) is mild hypothermia effective after asphyxial cardiac arrest in children, (2) what is the best duration of hypothermia to prevent delayed cell death in the developing brain without increasing adverse events associated with hypothermia, (3) given that researchers were able to classify newborns by severity of encephalopathy and in one case demonstrate that the moderately encephalopathic group preferentially benefitted from hypothermia versus the more severely injured group, can the same be done for children, and (4) how best to accomplish re-warming?
We examined our practices from 2000 to 2006 and found that we tended to cool children with an insult severity and other factors that have generally been associated with poor outcome-namely, out-of-hospital, unwitnessed arrests requiring multiple doses of epinephrine to achieve ROSC [3] . During this period, there were no guidelines for who and how to cool, resulting in a large variation of target temperatures, duration of cooling, and re-warming [3] . We developed guidelines and electronic order sets for our PICU based on literature review and clinical experience to improve quality of care and patient outcome [16, 17] .
Patient Eligibility
The PICU physician is responsible for choosing to initiate hypothermia. All ages and all etiologies-i.e., drowning, trauma, ingestion, cardiomyopathy-are eligible. Children who are awake or following commands are ineligible. Children who localize to stimulation with altered mental status are a source of debate as are infants arresting outside the perinatal period whose neurological status is notoriously difficult to categorize and the Glasgow coma scale too insensitive to be definitive. An observation period (1-2 h) can be used to aid in better defining the child's neurological status, but delays could reduce the efficacy of hypothermia [18, 19] . There is no hard rule regarding duration of pulselessness since this variable is often inaccurate or possibly of limited value in the pediatric arena; for example, a child that had experienced 30 min of hypoxemia but only 1 min of no flow may still present with coma and brain injury after resuscitation. Children with a do not resuscitate status after ROSC are ineligible, as are children in whom the PICU physician initiate brain death evaluation since this requires patients to be C35°C in the state of Pennsylvania.
Temperature Management: Target Temperature, Induction Methods, and Duration of Hypothermia
We use both an esophageal and rectal thermometer if possible-one for monitor display and the other driving the cooling blanket at the foot of the bed, which is not immediately visually accessible in the busy, crowded bed space. Axillary temperatures are notoriously inaccurate and bladder temperatures are less readily available in our unit.
The target temperature of 32-34°C appeared to be relatively safe and efficacious [4, 6, 7, 11, 12] . Experimental data concluded that the attainment of target temperature should occur as quickly as possible to be effective, but no definitive time limit on delay to cooling initiation has been identified [18] [19] [20] [21] . Up to 40% of children post-cardiac arrest present at or below target temperature after ROSC and ICU admission [3] . Thus, our preferred method of attaining target temperature is stratified based on the patient's presenting temperature (Fig. 1 ). For example, if the child is 36°C and the central venous pressure is <10 mmHg or the physical examination is consistent with absence of fluid overload, we will rapidly cool the patient with 20-40 cc/kg iced normal saline i.v. over 10-20 min and application of a cooling blanket below and sometimes on top of the patient (currently a Blanketrol II device). Adjuncts such as ice packs, fan with lukewarm bath, and reducing the temperature of the room and/or ventilator humidification system serve as adjuncts. We rigorously avoid i.v. push of the iced saline because of the increased risk of profound bradycardia. Thus far we have found iced saline infusion in children with acute brain injury to be effective and relatively safe [22] . As many patients present with lung disease, we rarely use gastric lavage for concern for aspiration. Note that infants and children do not always have cuffed tracheal tubes. Alternatively, if the patient presents at 28°C, we will actively re-warm using the Blanketrol II by 0.5°C every 2 h until 30°C, then passively re-warm to 33 ± 1°C. Neuromuscular blockade and sedation are provided for children during induction and maintenance to attain target temperature as fast as possible, to prevent shivering, discomfort, and agitation. The cooling blanket manufacturer and your institution's skin care team can provide recommendations for the type of a skin barrier required for the particular product. Unnecessary barriers can effectively prevent temperature manipulation. Unfortunately devices specifically targeted for cooling children have not been developed [23] . Duration of hypothermia remains a clinical decision, but 24-72 h is advised based on previous RCTs.
In certain cases, the target temperature is modified to 35°C if the child has evidence or increased risk of coagulopathy, bleeding, or continued arrhythmia but may benefit from therapy. There is experimental evidence supporting 35°C as an equivalently efficacious target temperature as 32-34°C although certainly much more investigation needs to be done on this matter [24] . If hypothermia was not applied for neuroprotection, aggressive treatment and even active prevention of fever (>38°C) is indicated after cardiac arrest, which may include cooling blanket use (set to 37°C) with neuromuscular blockade and sedation in addition to acetaminophen, ice packs, and iced saline [25] [26] [27] . Indeed targeted temperature management with strict prevention of hyperthermia rather than reaction to fevers is likely to be optimal [28, 29] .
Re-warming
We recognize that prospectively evaluated data on re-warming methods and rate after hypothermia are lacking. Using available data from the adult and neonatal RCTs, we recommend that re-warming should not occur faster than 0.5°C every 2 h, to guard against cerebral hyperperfusion and vasogenic edema [30, 31] . We found that transition above 34-35°C is often associated with peripheral vasodilation and sometimes hypotension requiring fluid resuscitation. Printing a schedule of target temperatures during rewarming has been well received by our nurses and has resulted in less protocol deviation. Electrolyte replacement is usually not necessary during rewarming, and some groups have reported hyperkalemia during this period [32] .
Continuous temperature monitoring is maintained for 48 h after re-warming to maintain normothermia, and fever is actively prevented or treated aggressively using measures similar to those for induction of hypothermia with the addition of acetaminophen. Although there are data showing fever early after brain injury is associated with poor outcome, there are no data to suggest when fever is no longer a hazard [26, 33] .
Pharmacologic Adjuncts: Sedation, Pain Control, and Neuromuscular Blockade Remifentanil or fentanyl is used for pain control and intermittent lorazepam is recommended for sedation. Our goal is to provide comfort but to also allow for frequent neurological assessment. Neuromuscular blockade with vecuronium or cisatracurium are often continued during maintenance hypothermia if there is difficulty sustaining target temperature, and drug ''holidays'' are employed daily. Cisatracurium is preferred when there is evidence of hepatic or renal injury. Some patients have significant lung injury and may require neuromuscular blockade for adequate oxygenation and ventilation. We are mindful that many of the drugs we give to our patients can have their kinetics and function dramatically affected by body temperature [34] .
Physiological and Neurological Monitoring
We aim to achieve adequate oxygenation (PaO 2 target 100-200 mmHg), ventilation (PaCO 2 target 40 mmHg), age-appropriate blood pressure [35, 36] and perfusion, which usually require placement of arterial and central venous catheters, and titration of mechanical ventilation. These interventions are often placed or performed simultaneously and generally require a team approach. We use an alpha-stat approach to blood gas management. Hypotension can be secondary to an underlying problem (e.g., sepsis), post-arrest myocardial dysfunction, or volume depletion from hypothermia or re-warming. Hypertension can be secondary to seizures, inadequate sedation, or a physiological response to cerebral edema.
The prevalence of seizures in this group (>40%) is high and often non-convulsive. In neonates with birth asphyxia, seizures are independently associated with poor outcome [37, 38] . Many children do not have seizures until rewarming occurs [39] . We recommend continuous EEG if it is available or an initial EEG obtained as soon as technically feasible. It remains unclear whether prophylactic anti-epileptic drugs are indicated for all children surviving cardiac arrest, however, we treat with anticonvulsants in this setting if seizures are clinically suspected [40] . Most children (especially out-of-hospital cardiac arrests) will have a brain CT on admission to evaluate for intracranial pathology as an etiology for the arrest or for early prognostication (e.g., massive cerebral edema, loss of graywhite interface). In our center, brain magnetic resonance brain imaging (MRI) is often performed in surviving ''stable'' patients at *1 week to assist with prognostication. In addition, in an ongoing RCT comparing 24 vs. 72 h of cooling in our center, we are evaluating brain MR spectroscopy and serum biomarkers as key surrogate endpoints [41] [42] [43] .
Adverse Events: Surveillance Although the adult and neonatal RCTs did not show increased frequency of adverse events in the hypothermia versus normothermia groups, our experience showed that cooled children required more electrolyte replacement versus normothermic children, and over-cooling (<32°C) was associated with poor outcome [3] . Close attention must be paid to all potential adverse effects of hypothermia including infection (prudent removal of vascular and urinary catheters and daily surveillance cultures), fluid and electrolyte depletion (frequent laboratory surveillance), coagulopathy (monitoring for evidence of bleeding and prothrombin, partial thromboelastin time, and platelet counts), overcooling (continuous temperature monitoring), and avoidance of rapid re-warming [44, 45] (AppendixSupplementary material).
Other Supportive Care Considerations
All patients receive early consultation for physical therapy (within 3 days), measures for the prevention of deep venous thromboses, and most receive referrals for rehabilitation because over half of survivors will have longterm neurological injury. Children may require treatment and devices for increased tone and contractures as well as functional testing prior to initiation of oral feeding.
Initially, we infuse D5 or D10 normal saline with or without potassium for maintenance fluid to maintain serum sodium concentration. There is no consensus for glucose control but insulin is frequently used to maintain blood glucose < 180-200 mg/dl and bedside testing every hour to prevent hypoglycemia. In our retrospective study, insulin was used more frequently in cooled vs. non-cooled children even though both groups had the same initial blood glucose [3] . No specific guidelines are available regarding nutrition, particularly in the setting of hypothermia, but attention to glucose delivery, caloric needs, and early initiation of gut feeding is recommended.
Special Situation: Transport
Many of our out-of-hospital cardiac arrest patients are transferred from outlying facilities. As the transport physicians for CHP we advise outside facilities how to prevent secondary brain injury including frequent temperature monitoring, not actively warming patients and maintaining normothermia. Our transport team will often apply ice packs around the patient's head for air or ground travel since our catchment area reaches hundreds of miles in diameter. Safety remains the largest concern for cooling at outside facilities with little to no experience, and feasibility of cooling safely on transport is an important unexplored issue since these children already require vigorous attention by the transport team to basic and advanced life support. Over-cooling frequently occurred in transported neonates undergoing hypothermia therapy in a recent publication [46] .
Education and Implementation
To help facilitate adherence to the guidelines and promote safer implementation of hypothermia, we arranged interactive sessions with nursing and incorporated their feedback. We developed an electronic order set for children with cardiac arrest that integrates basic elements for admission to the PICU (i.e., i.v. fluids choices, options for inotropes, and elevate head of bed to 30°) along with orders specific to therapeutic hypothermia (Appendix-Supplementary material). Pre-set laboratory orders for electrolytes (every 6 h for N days) and nursing-specific communications are also included. Adherence to these guidelines is being monitored and adjustments made as we learn from our experiences and new evidence in the literature becomes available.
Traumatic Brain Injury
The use of mild hypothermia in the management of children with severe TBI is an approved second tier therapy for refractory intracranial hypertension [47] . However, the results of the recent Canadian multicenter RCT suggest that this therapy did not confer beneficial effects on long-term outcome when applied as a neuroprotective therapy and that hypotension during rewarming merits special attention [48] . In this study, subjects in the hypothermia arm reached target temperature by 8 h after injury therefore maintenance of hypothermia was shorter than intended (total hypothermia time nearer 16 h rather than 24 h). Moreover, significant hypotension and need for vasoactive support was observed in the hypothermia group during rewarming, suggesting that clinical protocols need to address these safety concerns in future trials or clinical use. As a result, this trial has cast significant doubt on the utility of hypothermia for TBI in children.
In comparison to cardiac arrest or other conditions, unique opportunities and challenges exist in cooling children with TBI. In general, the traumatically injured child presents to the hospital either hypo-or euvolemic, depending upon many factors (distance from the scene to the point-of-care, associated injuries somatic organs or extremities, blood loss, resuscitative efforts of prehospital personnel and others). As such, administration of icedsaline as a means toward achieving rapid cooling is an attractive therapy, accomplishing two goals with a single maneuver. In contrast, cardiac arrest victims may have cardiac dysfunction and administration of iced-saline in a rapid manner may be deleterious to cardiac performance. Moreover, TBI often occurs outdoors (especially with sporting injuries, motor vehicle, or pedestrian accidents) and the child victim may arrive at the hospital already hypothermic depending on the ambient temperature. Care needs to be taken during resuscitation within the Emergency Department to avoid rapid changes of temperature and avoidance of hyperthermia from rapid warming. Finally, brain oxygen monitors are now increasingly being used as a goal-directed target after TBI, which provide an assessment of brain temperature along with the partial pressure of oxygen within the brain interstitium. It is possible that future studies may target brain temperature as a more directed goal to produce brain protection after TBI.
Several aspects of TBI make cooling more challenging. Additional injuries to the traumatically injured child may decrease the efficiency of surface cooling methods, with injured extremities or other body parts splinted with plaster or other barriers that minimize surface contact with cooling blankets. Movement of the child onto cooling blankets is more challenging if multiple systemic injuries are coincident with the brain injury. Finally, the severely injured child may need surgery for life-threatening thoracic or abdominal injury and coordinating temperature control while the child is under general anesthesia in an operating room more problematic.
While differences in cooling techniques are relatively minor between the two conditions, rewarming after TBI is uniquely ICP-driven in the majority of centers utilizing the therapy. One of the most consistent findings of all hypothermia trials is the finding that hypothermic children and adults have decreased intracranial pressure during cooling [2, 49, 50] . Due to this effect, rewarming protocols have been designed to avoid and respond to rebound intracranial hypertension. As such, rewarming protocols are often halted if ICP increases above a critical threshold (usually ICP > 20 mmHg). In general, ICP is not measured after cardiac arrest and there are no currently published studies that base rewarming on ICP or other findings.
Conclusion
In summary, we present a practical discussion on our procedures for using therapeutic hypothermia for neuroprotection in children with cardiac arrest and TBI. Although practices will vary by institution, mechanisms should be in place to prevent, recognize, and treat known complications of hypothermia therapy.
